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P ABSTRACT

The purpose of this work was to test the feasibility of the concen-
tration profile concept for the detection of airborne biological materials.
The research was to include, but not be limited to: (a) the detection of
chemical compounds unique to microorganisams; (b) the development of methods
of analysis of such compounds sensitive to submicrogram quantities; and
(c) the determination of the feasibility of performing analysis sufficiently
rapid to provide information on the chemical composition of organisms to
permit differentiation from other aerosol particulates.

Emphasis has been placed throughout this program on the use of gas
chromatography to fulfill parts (b) and (c) of the required research.
During this work, the following advances were made:

A technique was developed for the extraction of bacterial lipids with
simultaneous transesterification of these lipids to methyl esters. This
technique has resulted in the extraction and conversion of lipids to methyl
esters in less Lhan five minutes, compared with previous methods which
required from several hours to more than two days. Conversion of the lipids
to methyl esters was found to be necessary because repeated attempts to
chromatograph bacterial lipids at operating temperatures up to 4000C were
unsuccessful. Moreover, the technique developed for extraction-transesterifi-
cation was for'nd to be faster than any method of lipid extraction alone.

Lipid methyl ester concentration profiles were obtained for eleven
microorganisms, including two pathogens. Both spore formers and vegetative
bacteria were represented. The effect of nutrient, growth period, and
growth form were briefly investigated. It was found that families have
distinctive similarities in concentration profiles, but that recognizable
differences exist among species of the same family. The effect of drastically
changing the nutrient media was much less than expected. The change did
result in some slight, but recognizable variations in the concentration
profile. Much greator differences, both in appearance of the concentration
profile and in the absolute quantity of lipid present in the bacteria, were
noted when bacteria were harvested at different stages in their growth cycle.
For example, bacteria harvested during the log growth phase, when cell
division is proceeding at the fastest rate, were found to have more than
12 times the lipid content of bacteria in a dormant growth phase.

Some bacteria can exist in two forms: the normal, single bacterium
form and a filamentous form in which dividing cell walls fail to develop
during reproduction. The concentration profiles of two forms of such an
organism were not found to be significantly different, although some slight
differences were recognizable.

Atmospheric background was sampled, measured, and analyzed for lipid
content. The background was found to be relatively constant over a three-
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varied from 2 x 10-8 g/liter to 5.3 x 10-8 g/liter. On the basis of lipid

content (as estimated frm gas chromatographic analysis), the biolq a
• content of the atmospbert, was determined to have varied from 8 x i0-1
Sg/liter to 1.3 x 10u g/ter. This would be roughly equivalent to a

variation of 1,000 to 15,O00 bacteria/liter. These data do not take into
account an anomalous chromatographic response which was present in all back-

"I •ground samples. The background sample gave a peak at the position normally
anticipated for a C22 methyl ester.

A chromatographic saepling system, capable of handling methyl ester
samples of less than 10-1 grams without loss, was designed and initially
tested. The principle of operation was varified.

Several types of gas chromatographic columns have been investigated
for separating the methyl eters. These ,include both polar and nonpolar
liquid phases. Although the polar liquid pha3es provide better separationI ~and more completb differentiation, most of the work reported in this report

was performed with nonpolar liquid phase, SE 30 silicone rubber. The
pilicone rubber was used because of the high operating' temperatures required
in certain experiments. These temperatures were far above the thermal
stability limits of the polar liquid phases.

Three types of dutectors were used in this •,•u~dv. The thermal con-
ductivity detector was used as the "work horse" detector and all of the
concentration profiles were obtained with it. It does not have, however,
the desired son,•i bivity. Two commercial hydrogen-flame detectors and one
commercial argon ionization detector were investigated. The Beckman
hydrogen-flame detector was found to have adequate sensitivity for the
deterz .ations. 1th this detector, concentration profiles with as little
as 10"-' to 10 ' grams of bacteria were obtainable.

Both isothermal and programmed temperature operation of the chroma-
tographic columns were investigated. Programmed temperature chromatograms
are easier to interpret than isothermal chromatograms because of the very
great differences in the boiling points of the different methyl esters.
It was found that the optimum temperature-programming rate is inversely
proportional to the column diameter, thus, for very fast programming, Golay
columns appear to offer the greatebU possibilities.

Some preliminary investigations were conducted into spectrophoto-
metric, pyrolytic, and mass spectrometric methods of analysis.

This study has verified that the concept of the concentration pro-
file provides a feasible method for the detection and/or identification
of microorganisms.

3
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1. INTRODUCTION

I This is the final report submitted in compliance with Contract
DA 18-064-CML-2768 concerning the work performed during the period
1 July 1961 to 31 August 1962. The contractual effort ie concerned with
demonstrating the feasibility of using the concentration profile concept
for the detection of aerosals of biological materials. This concept
is based upon two premises : (a) microorganisms have a different con-
centration distribution of certain chemical compounds than other
biolcical or organic materials which may form aerosol particulates
and (b) required analytical methods can be developed by which the
concentration distribution profile of the organisms can be distin-' guished. Therefore, the general purpose of the program is to develop
sensitive methods of analysis for chemical compounds unique to micro-

organisms, and to test the feasibility of performing rapid analysis
to show the chemical composition of orgayisms. The overall program is
partly based on research by H. Wolochow.

The contractual effort was divided into four tasks. Each of these
tasks is discussed in the following paragraphs.

Task I consisted of planning the experimental program, literature
work, and procurement of materials.

Task II consisted of the investigation of two separate approaches
to the development of analytical methods for establishing concentration
profiles. The first approach was based on gas chromatography. This
approach has been applied to the lipid portion of bacterial matter. The
second approach was based upon sensitive and unique optical absorptions
or fluorescent emissions of the chemical compounds in biological material
(spectrophotometric techniques).

Task III, which overlapped task II, consisted to the developmental
work necessary to show the combined operation of the gas chromatographic
methods developed in task II.

Task IV concerned preparation of the final report.

Gas chromatographic approaches have been found applicable to the
identification and characterization of a variety of chemical and natural
compounds. In gas chromatography, the rate of travel of a compound
through a specially treated tube (column) is uniquely dependent upon the
chemical and physical properties of the compound, as well as the properties
of a selective stationary phase with which the tube is treated.

At the suggestion of Dr. Benjamin Warshowsky, Project Officer, gas
chromatography was applied to the lipid portion of bacteria. Additional
short ctudies into the feasibility of Rpnetrophotometric methods, pyrolysis
studies, and amino acid gas chromatography were also conducted.
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2. BACKGROUNDl OF THE PROBLEM
2.1 Present Problems

The degree of infectivity associated with certain microorganisms
requires their detection by feasible methods before exposure. Their
virulence is associated with the f#St that potentially one organism

t (mass of approximately c 0 re to 10en grams) per liter of air under
3optimum conditions can represent a toxic dose. This organism, being

a form of life, can multiply very rapidly; a critical infective state
can soon be exceeded. In practice, microorganisms would likely be
found in higher concentrations (approximately 10- 9 to 10-11 grams per
liter). The severity of the detection problem appears to have beg
reduced by several orders of magnitude (czpared with 10-1 2 to 10-IR
grams per liter), but present detection capabilities of sufficient
sensitivity, specificity, and rapidity for detecting the higher con-
centrationu are still several orders of magnitude removed from the
required detection methods. 'Therefore, adequate detection schemes
still must be considered.

Various methods for the detection of airborne microorganisms are
available. None, however, possesses the necessary sensitivity,
specificity, and rapidity to be entirely adequate for widespread use.
Bioclinical laboratory methods which are usually of sufficient sensitivity
and specificity are intolerably slow because of the need for long
incubation periods. Instrumental methods designed to yield more rapid
results often do so at a great loss of sensitivity and specificity.
However, some recent instruments have begun to satisfy the require-
ments; their development has progressed to the prototype stage.

Presently, two instruments exist wuich show potential for biological
aerosol detection: the Particle Size Analyzer and the Partichrome
Analyzer. It is redundant to give the characteristics of these devices
at this time. They possess disadvantages, however, which soriously
limit their widespread use. Expanded research efforts on new detection
principles are required to establish principles for new approaches
having greater capability. Such efforts must be oriented toward specific
goals if the greatest advanccs in detection capability are to be realized
at the lowest cost to the Government. A novel approach involves exploit-
ing the bulk chemical properties of microorganisms in establishing a
unique Concentration Profile for each class of organisms (or more
hopefully, each pathogen). Identifications would be made by variations
in the profile. This concept will be described in more detail.

The concept of the Concentration Profile is original with Nelpar
in its application to this detection problem. It is based on the report
of a fitudy. "Detection of Airborne Microorganisms Through Their Unioue
Compounds,i" conducted by the Naval Biological laboratory. The study
indicated the likelihood that microorganisms can be identified by quali-
tative detection of their unique compositional compounds.

f8
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, •The development of novel sensors for biological aerosols requires
I that the objects of the probe and the type of i:iformation the probe

must sense be suitably defined. The probe must detect the presence
of pathogenic microorganisms before they can infect to any extent

1 humans in the vicinity of the probe (a dosage of one microorganism
i !is the theoretical limit of infectivity). This means that the probe

must detect minute quantities of pathogen.; in a short time it must
supply to a control station the information required to identify the

Iorganism type and amount. The difficulties involved in the development
of such a probe are: (a) analytical techniques of sufficient sensitivity
are limited in number and (b) background noise levels are high for those

* •probes which do exist. Consequently, new schemes must be developed
to detect microorganisms and signal-to-noise ratios must be increased.

I There are three main stages involved in the detection of particles
I• in an aerosol: (a) sizing, (b) concentration, and (c) assay. Sizing

is necessary to eliminate spurious material such as dust, pollen, and
lints. The pathogenic organisms are generally less than five microns
in diameter, 2 so particles larger than this will serve only to interfere
with assay techniques and must be eliminated. Particles less than five
microns in diameter must then be concentrated in a much smaller volume;
this volume depends on the assay method utilized. The concentrate
then needs to be assayed to determine the kind and amount of pathogens.

An additional problem is the occurrence of nonpathogenic organisms
in the atmosphere. Studies have shown that the number of viable organisms
present in a normal outdoor environment can be expected to vary con-
siderably.3 In one study, it was found that the number of viable
organisms varied from one organism per cubic foot to six organisms per
cubic foot from hour to hour. Another longer-range study showed a
variation from one organism per cubic foot to 30 organisms per cubic
foot from day to day over a four-month period from February to June.
The number of viable organisms is greatest during spring and early
summer. These data indicate a background level of about 10-12 g,
or approximately one viable organism per liter of air. It would be
expected that nonviable organisms are present aL much higher con-
centration levels. This could present a significant problem because
chemical and/or inetrw.ental methods would assay both viable and nonviable
organisms in the particle-size range collected.

The organisms to be detected are spores (both bacteria and fungi),
vegetative cells, and virus. Detection of bacteria is a lesser problem
than detection of virus. "lasses of bacteria have dcaracteristic
compounds which could be , ý.- in a detection system, whereas sensing the
presence of virus in host. cells of unknown composition is exceedingly
difficult.

Assay methods will deepend on the bulk chemical, surface chemical,
or biological properties of the organisms. For example, the adsorption

9
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of dyes onto a bacteriun involves a surface chemical propertyj thepMemeoe of DA :in spore formers only is a b4lk chemical property

To be successful, a probe must include the followingi

a, Sampling of large volumes of aerosol which can be concentrated
in a small volume without a significant loss of particles.

b. A quantitative assay technique capable of working with 10-8
grani of material or less.

c. An assay which will be specific to the class of organisms
of interest. For example, DPA or P-hydroxbutyric acid is unique to
spore formers.

d. A process which is fully automatic.

2.2 COA~pt of Conentration Profile

Helpar considers that the NBL recommendation of sensitive qualita-
"tive analyses for the detection of organisms through their unique com-
pounds can be expanded in developing a feasible detection method. This
method involves the quantitative detection of those compounds common
to several organisms or groups or organismsi the identification is
afforded not only by what is present but al.o by the quantity of
material present. This two-dimensional aspect releases chemical
detection from the limit imposed by the requirement of unique compounds
only and opens a new horizon" for investigation.

Qualitative analyses for detection of organisms through their
uniqlAe compounds provide a basis for rapid and specific responses.
Practical application of this concept is limited, however, by the few
instances in which unique constituents are associated with organisms.
A broader-based conceptli required if chemical analysis is to serve
as the basis for the universal detection of biological materials.
Melpar considers that its concept of the Concentration Profile is
sufficiently extensive to provide for a practical utilization of
chemical analysis.

The concept of Concentration Profile includes the use of quanti-
tative chemical analyses of sufficient sensitivity and precision to
identify several organisms which contain common constituents in varying
amounts. It is unlikely that any two different pathogens would yield
the same results. To provide for rapid identification, it would be
necessary to select many constituents which were common to a large
number of organisms and to analyze for those compounds simultaneously.
Because of the anticipated variations in the concentrations of each
constituent in different organisms, it is possible that specific

10
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organisms can be identified through results yielded by the several
analyses. Reference profiles for pathogens, nonpathogenic organisms,
and common background particulates of biological origin could provide
a detection technique with a high degree of specificity which couldI ultimately be adapted to computer comparisons for rapid readouts.

" of Several apparent problems must be solved before the full potential
of the Concentration Profile can be realized. These include:

a. Variations in the concentration of specific compounds in a
specific agent are to be expected because of variations in the method
of culture.

b. Particulate media on which agents are disbursed may distort
I the agent profile.

c. Mixtures of spents could possibly produce spurious profiles.
These are a few of the most obvious problems.

11



S3. RESEARCH CONDUCTED

3.1 Lipid and. Fatty Acid Analysis

ji 3.1.1 Extraction

Several solvents were used to extract the lipid components
from bacteria. These were (a) methanol-ether in a 3:1 ratio, (b)
chloroform, and (a) acetone.

Methanol-ether

A method described by James4 was modified slightly. The bacteria
and a 3:1 v/v mixture of methanol-ether were mixed and allowed to stand
overnight. The bacteria were removed by filtration and the soluble

I. extract evaporated to dryness in a rotary evaporator in vacuum at 40-50%.
The residue was extracted three times with asall volumes of petroleum
ether and the insoluble material rejected. A typical extraction of
Serratia marcescens indicated that 18 percent of the bacteria was soluble
in the methanol-ether mixture, but only L.3 percent was soluble in
petroleum ether. The petroleum ether soluble material represented the
lipid content of the bacteria. Bacillus subtilis yielded 3.2 percent
lipid.

Chloroform

A chloroform-methanol mixture was used by Folch et al.5 to extract
lipids. The purpose of the methanol waE to remove wate--rom the material
so that the chloroform could successfully extract the lipid material.
Because we were working with dry bacteria, the methanol was left out
and only chloroform used. Results showed that the chloroform quantita-
tively removed the lipid materials. The chloroform extracts contained
L.5 percent of the Serratia marcescens and 3.22 percent of the Bacillus
subtilis.

Acetone

As reported by Anderson, 6 the lipids can be separated into three
fractions with acetone. Anderson distinguished three lipid types: greases,
phosphatides, and waxes. The greases are soluble in cold acetone, the
waxes in hot (boiling) acetone, and phosphatides are insoluble in acetone.
When this separation was performed on the lipids of Serratia marcescens
only the cold extract remained clear. The hot extra-ct precipitated on
cooling the acetone and the precipitate could not be dissolved again on
heating. Because of these difficulties, the use of acetone for ex-
traction was not considered suitable.

It was concluded that chloroform provided the most satisractory
method of extracting the lipids from dry bacteria.

12



3.1.2 Direct Gas Chromatography of Lipids

Preliminary attempts to analyze the lipids extracted from Serratia
marcescens were made using the device shown in figure 1. The lUps
extract was placed in the cup, and the unit was enclosed in the air
bath oven of the gas chromatograph. The solvent was evaporated by
passage of the helium carrier has through the device at room temperature.
The solvent vapor was eluted through a silicone rubber/chroosorb column.
After all the solvent had evaporated and been eluted from the column,
the temperature was rapidly programmed to 250C. No elution of thelipids occurred. Later, a 20 percent silicone rubber/chromosorb column

2 ft. x 1/4 in. OD was carefully conditioned to provide a column,
* which was stable to 400*0. Chloroform extracts from Serratia marcescens,

Bacillus subtilis, Bacillus anthracis, and Pasteurella uFenis were
Sused. Samples representing 50 mg of bacteria (about 2 mg. lipid) were
injected into the flash heater of the chromatograph at 425*C. The column
was temperature programmed from 125-400%C at ll/min. No distinct
elution of lipids occurred. Beginning at 3750C, however, a steady
elution of material occurred. This was assumed to represent decomposition
products from the lipids. Prolonged heating (several hours) of the column
at 4000 C resulted in removal of these materials and the re-establishment
of column stability. On the basis of these experiments, it was decided
that conversion of the lipids to compounds of lower molecular weight
and higher vapor pressure would be required for successful chromatographic
separation and identification.

3.1.3 Saponification

The saponification procedure used was that of James. 4 The
diethyl ether-methanol lipid extract was refluxed with a fifty-fold
excess of 2N methanolie KOH for three hours in one experiment, and 12
hours in another. Then, the methanol was evaporated, the residue taken
up with water and extracted with diethyl ether after acidification.

Both the diethyl ether extract of the saponified product and the
methanol, which was evaporated, were examined by gas chromatography.
The amount of bacterial extract used in the experiment repre:,ented 50
mg of the original bacteria. No chromatographic response was observed.
It is possible that insufficient sample was used and that chromatographic
operating temperatures were too low.

To conduct this experiment more thoroughly, the saponification was
repeated, starting with diethyl ether-methanol extract equivalent to 150
mg of bacteria and 6.5 mg of petroleum ether-soluble lipid. Ton ml of
2N methanolic KOH was again used, and the solution was refluxed for three
hours, after which the solution was permitted to stand for 60 hours. The
methanol was vacuum evaporated and retained for examination. The
rornidu o ;;a~c uf wit aI f~tui aiizI.2 ALLauLtid Lwicje wilui 2 mil
of diethyl ether, providing an alkaline ether extract. The remaining

13
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I {1•water solution, when acidified with 2N HCl, became turbid. The
acidified solution was extracted twice with three ml of diethyl ether.
The water solution was cleared by the ether extraction. Both the
alkaline and acid ether extracts were colored yellow. The second acid-
ether extract was much fainter than the first, so these were not combined.
A sample evaporation and weighing of the first acid ether extract showed
nearly 1 percent solids content, equivalent to about the total weight of
extract used in the experiment. A sample of the first acid ether extract
was evaporated on a salt disc to obtain an infrared spectra. A yellowish

ewas produced. Absorption peaks appe red at 195O-27•0 om l,10

iA 1250 cmOl, 1090-1010 om-lj and 790 care" These were generally
charaoteristic of an acids but they differed from the absorption in the
spectrum of the original bacterial extract.

The methanol fraction and the first alkaline and acid ether extracts
were examined chromatographically. The chromatographic column consisted
of an 8 ft x I/ in. OD column packed with 20 percent by weight of silicone
rubber on 60/80 mesh chromosorb W. Helium at a flow rate of 140 ml/min
was used as the carrier. The injectors column, and detector were operated
at 3500C. Fifty microliter samples were used, and in the case of the acid
ether extract, the sample contained slightly less than 0.5 mg of solids.
Neither the methanol fraction nor the alkaline ether extract produced a
chromatographic response, which is the expected result if saponification
is complete. The acid ether extract produced a very wide short peak
extending over a retention time period of a half hour.

Subsequent experiments with mixtures of known fatty acids (pslmitio
and oleic) confirmed the observation above that the fatty acids do not
chromatograph adequately on these columnso even at these very high
temperatures.

3.1.4 Esterification of Fatty Acids

In general, esterification is a replacement reaction brought
about by either an acidic or a basic catalyst. Apparently, the only
exception to this is the use of diazomethane. Classical methods that use
acids or bases of moderate strength are slow, requiring several hours or
days for suitable yield; the replacement reaction suffers from water or
other solvent competition A long liaV of the various acidic catalysts
in use has been compiled. 7 Several authors have studied es erification of
fatty acids and transesterification of triglycerides. Xurzu studied direct
methanolysis of triglycerides with KOH in methanol, recommending 24 hours
for complete reaction, and Carter et al.,9 usi silver oxide with methyl
iodide, recommended 36 hours. Sto!!Teet al., realizing the inhibiting
effect of water, shortened the time to Thours, refluxing with methanol
and hydyygen chloride in an anhydrous system. More recently, Hornstein
"et al., used anhydrous methanol-hydrogen chloride reagent to react rapidly
"wItw; and removA, fAtty acicfs separated and held by ion exchange realn.
The preparation of fatty acid eaters from the acids in a two-minute reaction,

15
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uing a reagent made by bubbling bion trifluoride into methanol, is
described by Metcalf and Schnitz, along with references to the origin

I of the reagent. A quantitative comparison of the four most Rsed reagents
for methylation of fatty acids was made by Vorbeck et al. These
reagents ares diazomethane, methanol-hydrochlorio a"irsublimation,
methanol-hydroohloric acid with ion exchange resin, and methanol-boron

1 trifluoride. The methanol-hydroohloric acid methods are slower, and sub-
lization causes loss of low-molecular-weight components. Diazomethane and
boron trifluoride reagents are the most suitab e for rapid and quantitative
conversion. Most recently Esposito and SwannJ reported on the use of
lithium methoxide in anhyZrous methanol to transesterify carboxylic acids
in alkyl and polyestercoating resins. Transesterification of these
materials in two minutes was reported.

Methylation of Saponified Lipids

Most literature pertaining to procedures for methylating fatty acids
starts with the acid rather than with the glyceride. The boron trifluoride
technique was initially tried on the saponified lipid extract to determine
its applicability.

The following procedure was used for methylation of the fatty acidsi
First, the lipids were saponified with methanolic KOH in the usual manner
as described previously. The saponification mixture was acidified with
sulfuric acid and the fatty acids extracted with petroleum ether. The
ether from this extract was evaporated, and the residue dissolved in
methanol. To 15 ml of the methanol solution of the fatty acids, 10 ml of
boron trifluoride ethyl-ether reagent was added. This was heated in warm
water for five minutes. After cooling to room temperature, the solubion
was poured into 100 ml of distilled water. The mixture became turbid, and
it was extracted with 10 ml of ethyl-ether. The ethyl-ether layer was
washed three times with 25 ml protions of distilled water. The washed
ether layer was then used for gas chromatographic tests.

It was necessary to wash the ethyl-ether extract throughly with water.
Otherwise, a number of gas chromatographic peaks appeared which were not
caused by the lipid portion. Usually, three washes, when good boron
trifluoride reagents were used, were adequate. If the reagent was impure,
as many as seven or eight washes were required.

Sesame Oil

This procedure was first tried on sesame oil because of its known
fatty acid composition. Figure 2 shows a typical chromatogram.

Serratia Marcescens Extract

The same troatment was applied to the chloroform extract of Serratia
marcescens from 2.49 grams of the dry bacteria. Well-defined chromatograms
were ota ned.
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Figure 2. Methyl Esters from Sesame O11

Column: 6 ft x 1/4" OD containing 20% Dlethylene Glycol Suceinate on Type P
Chromosorb, 60/80 mgh. Isothermal at 2250C. Flow rate = 100 ml/min.
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Oleic Acid

A sample of technical-grade oleic acid was methylated with boron
trifluoride reagent. Figure 3b shows the chromatogram obtained. It
should also be noted that the material is quite impure, as indicated by
the many peaks in the chromatogram.

Pimelic Acid

Pimelic acid, another fatty acid, has a low solubility in methanol
and 25 ml of methanol were required to dissolve a half gram of the acid.
A high degree of purity of the sample was indicated in this case.

Diaminopimelic Acid

This experiment was made to test the applicability of the method to
amino acids. No esters were obtained. The diaminopinielic .acid was nearly
insoluble in the methanol and remained suspended, but it dissolved uponi
addition of the boron trifluoride reagent. This ý:'dlcates that the
technique as described does not work with amino acids. The subsequently
suiccessful experiment (described later) with gliadin, a protein, is in
contrast to the results obtained here.

Boron Trichloride Esterification

Because of some of the difficulties encountered with .boron tri-
fluoride, such as the required extensive washing of the final ether layer,
the incomplete conversion in some cases, and the refluxing required for
reaction, it was thought that a more active acidic catalyst, boron tri-
chloride, should work better. -Boron trichloride is a very strong acid and
reacts instantly with methanol.

Liquid Boron Trichloride

In the first experiment, it was thought that it might be possible to
add liquid boron trichloride directly to the methanol. A sample of sesame
oil was dissolved in a 1:1 methanol-ether mix and cooled to-0OC. Liquid
boron trichloride at O°C was added. After three to four drops of boron
trichloride were added, the generated heat ignited the solvents. After
extinguishing the flames, the solution was diluted with water and extracted
with ether. A chromatographic i ..st showed that some methylation had
occurred.

Gaseous Boron Trichloride

The experiment was repeated, except that, in this case, gaseous boron
trichloride was bubbled directly into the methanol solution for ten minutes.
In this and succeeding experiments, the procedure was the same as described
for boron trifluoride, except that boron trichloride was added instead of
boron trifluoride-et-hyl ether, and no washing of the final ether extract
was necessary.

REPRODUCED FROM
BEST AVAILABLE COPY 18



If
I

Codiios 6 ft x 1/4 in. OD coum , teprtr prgam e 75 to 30 at

g In
1II
II I

II I
II II

II H
IIij I I I

I KII II

II II
Ii II
II II

II II

Ii II
SIi II

II- - J l I I lI I , _ I

4 Ii O 14 I I I l III I I • I

b.V/imin. 3%o BE on •a,,-Chruviz (120/140) with frec olctc atcid present, helium

flow = 27 ml/min. Thermal conductivity detector at 350* and 100 ma. Flash

heater at 3700.A. Direct methylation of impure oleic acid with boron trichloride in methanol.

B. Direct methylation of impure oleic acid with boron trifluoride-ether in methanol.

19



Sesame Oil

The experiment was carried out with sesame oil dissolved in a 11
mixture of methanol and ethyl ether. Nearly complete esterification of
the oil was obtained. In this and the succeeding experiments with gas-
eous boron trichioride, the reaction proceeded smoothly without violence
or overheating.

Oleic Acid

The treatment was applied to impure oleic acid in methanol. Complete
conversion was obtained. (See figure 3a).

Serratia marcescens

The experiment was repeated with Serratia marcescens extract dissolved
in methanol. Well-defined chromatograms were obtained.

Bacillus subtilis

The same experiment was conducted with Bacillus subtilis extracts
with satisfactory results.

In these experiments with boron trichloride, the chromatographic
patterns match the previous patterns obtained with boron trifluoride.

Comparison of 1F3 ana BCl 3 for Methylption of Oleic Acid

The relative effectiveness of PCi 3 versus OF3 on the methylition of
this free fatty acid was also checked. No difference in effectiveness
could be found.

A test to compare the reaction time for free acids -as conducted as
follows. A standard solution of oleic acid was prepared by dissolving
5.102 g oleic acid in 50 ml methanol, Five milliliters of this solution
were taken for each test. Boron trifluoride gas was bubbled into 5 ml of
methanclic solution of oleic acid for ten minutes; the extraction was
processed as usual by pouring the solution into 50 m] distilled water and
then extracting with ethyl ether. The same test was repeated with the BF 3
gas introduced only for two minutes, 30 seconds, and 15 seconds, respectively.
These four tests were repeated again using boron trichloride instead of
the boron trifluoride. All the tests (8) resulted in identical chromatograms.
Both gases are very efficient catalysts for esterification of the free
fatty acid; they lead to complete esterification in 15 seconds.,

3.1.5 Transesterification

Two basic factors are involved in the choice of o reapent for rapid

20
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transesterificatlon. The effective acidic strength of the catalyst is
important because the stronger acids produce esters at a much more rapid
rate. Also, 8 high concentration of the combining entity (methanol), and
the absence of strongly competing substituents, particularly water, aids
the reaction rate considerably, as well as shifting the equilibrium to
favor ester formation. It might be assumed that boron trifluoride is the
best Lewis acid catalyst of the boron trihalides because, as Paulingl5

II points out, the strength of these as electron acceptors increases with
decreasing atomic number of the halide. The situation is more complex,
however, and Gerrard and Lappertl 6 discuss another very important factor
which ascribes a theoretical superiority to boron trichloride. Because
of the high polarizability of the boron-chlorine bonds, boron trichloride
reactions do not stop at the formation of corrdination complexes, as is
the case with boron trifluoride. Instead, boron-organic compounds are
formed through ionic intermediates. In the case of reaction with methanol
using BC0 3 , a complex forms immediately and the postulated formation of
methoxy-boron bonds occurs to varying degrees with the release of hydrogen
chloride. The reaction is highly exothermic. Alkyl chlorides can also
be produced.

Reaction of boron trichloride with esters may irivo3ve coordination
with the carbonyl oxygen followed by either acyl oxygen or alkyl oxygen
fission. Sufficient information is not available to outline in detail
the mechanism of transesterification with horon trichloride. In any
event, the greater reactivity of boron trichloride over boron trifluoride
for this purpose can be explained in terms of its behaving effectively as
a stronger Lewis acid, this greater acidity arising from pol-ariration with
coordination. Boron trichloride will maintain the medium in an anhydrous
stnte.

Comparison cf B1.1 and BF, on Lipid Transeeterification

A comparison was made of the relative effectiveness of 1IF 3 gas and
BCl 3 gas in the transesterification of a typical lipid, sesame oil. For
this comparison, 1.266 grams of sesame oil were weighed into a lO-ml
volumetric flask and made up to volume with diethy]. ether. Equal
portions were then transferred with a pipette into reaction flasks. Next,
4 ml of methanol were added and BC1 3 or BF3 gas was passed into the
solution for four minutes. One sample of each of the 1C13 and RF3 treated
solutions was then allowed to remain at room temperature for 15 minutes.
Each solution was then added to 50 ml of distilled water and extracted
twice with 5-ml portions of diethyl ether. The ether fractions were dried
over silica gel, and the volume condensed by passing dry nitrogen over
the solution. The solution was next transferred to a 5-ml graduated
cylinder, the silica gel washed twice with r-.5 ml portion-s of ether,,
and the washings added to the bulk. Finally, the volume was adjusted to
5 ml and then transferred to a 5-ml rubber-stoppered syringe vial. One
sample each of the BC13 and BF3 treated solutions was also refluxed for
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15 minutes. After this treatment they were both treated in the manner
! described.

A separate sample of sesame oil was saponified in 0.5 M sodium
hydroxide in methanol by refluxing for 1 hour at 65*C and then permitting
the mixture to stand for 12 hours at room temperature. It was added
to water and the unsaponifiable material extracted with petroleum ether.
The water solution was acidified with 6 M hydrochloric acid and extracted
again with petroleum ether. After evaporation of the petroleum ether
under vacuum at room temperature, the free acids were dissolved in 5 ml
of methanol and BC1 3 was bubbled through the solution for 30 seconds.
The solution was then added to water, extracted with ether, dried over
silica gel, the volume adjusted to 5 ml, and transferred to a syringe
vial as with the preceding four samples.

Application to Lipids

Figure 4 shows the chromatograms obtained when equal portions of
BCI 3 and BF3 processed samples of sesame oil were injected into the gas

chromatograph. A comparison of chromatograms A and R shows a slightly
better yield for the transesterification technique than for the saponification
method. It should be recalled that 15 second addition of RF without re-3
fluxing will convert fatty acids to the esters. The relative proportions
of oleic and lJnoleic acid are also slightly different. Apparently a
small loss occurred during saponification or the saponification was
incomplete. Chromatogram C shows the considerably lower yield obtained
under equivalent trrnsesterification conditions with BF3. It should bo

pointed out that quantitative transesterificý.tion can be obtained with
both reqgents; howvevr, PF3 requires a somewhat longer refluxing period.

Tests with other natural lipid materials, such as butter, lecithin,
and beeswax, were successful, showing that the BC1 3 transesterification

method is applicable to a variety of materials.

Methylation of Acids

A test to compare the reaction time for free acids was conducted as
follows: A standard solution of oleic acid was prepared by dissolving
5.102 grams of oleic acid in methanol to a volume to 50 ml. Eight 5-ml
portions were transferred to reaction flasks. Boron trifluoride gas was
bubbled into one 5-ml portion for ten minutes and then extracted as usual.
Similar tests were performed in which RF3 gas was introduced for two
minutes, 30 seconds, and 15 seconds, respectively. These four tests were
repeated with BCl 3 .

In the comparison of the speed of methylation with RCI 3 versus BF3 ,
all eight tests gave the same chromatographic response. The conclusion
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Figure 4. Comparison of BC1 3 and BF 3 on sesame Oil

Each chromatogram, represents 0.51 mg. sesame oil. Column in 6-foot by 1/4-inch
OD copper containing 20-percent diethylene glycol succinate on type P Chromosorb1
60/80 mesh. Column isothermal at 2250C. Helium carrier flow rate ts 100 mi/mmn
A Bel added for 4 minutes, followed by 15 minutes refluxing.
B: Sap-nified, Bel3 added for 30 seconds, no refluxing.
C. BF3 added fo-r4 minutes followed by 15 minutes refluxing.
D. Bela added for 4 minutes with no refluxing.
BF 3 addition for 4 minutes with no refluxing yielded no methyl esters. 23



is that both gases are very efficient catalysts for esterification of

the free fatty acid; they lead to complete esterification in 15 seconds.

Effect on Acid Structure

To test the possibility that BC1 3 treatment might alter the structure
of an acid molecule, excessive treatment was applied to both a saturated
acid (stearic acid) and an unsaturated acid containing two double bonds
(linoleic acid), If BC1 3 causes conversion of unsaturated to saturated
compounds, polymerization, or alkylatkon, it is to be expected that these
changes s:o hioi i.-a~p on the chrromatogr'an3 result "A. ing from excessive BC13
treatment. In both cases, the acids were dissolved in methanol, equal
portions pipetted into volumetric flaskd, and methanol added to make a.

5-ml solution. Boron trichloride was then bubbled through the solution
(with a reflux condenser attached) for various lengths of time and for
various refluxing times.

Excessive BC1 3 treatment of saturated fatty acids did not result
in any d erc~se or increase in yield of the methyl esters. Excessive
treatment of Pn unsaturated fatty acid did, however, result in a decresse
in yield of methyl ester, but no ,nge in retention time resulted, nor
was appreciable conversion to the turated ester observed. Poron
trichloride evidently catalyzed the formation of high-boiling polymers
through double-bond polymerization; the polymers so produced were not
eluted from the column, Apparently, the loss noted during treatment of
the acid does not occur during treatment of the corresponding triglyceride.
It cpn be concluded that under the 'conditions used for transesterification,
no -significant change of structure occurs.

Application to Racteria

Lipid extraction from bacteria was conducted with a Soxhlet apparatus,
using chloroforn as the solvent. Various periods of reflux time were used.
The chloroform was removed by evaporation with dry nitrogen before'direct
transesterificatiion,

The follow.ng procedure was evolved for the direct extraction and
transesterifitation of bacterial lipids. using the apparatus shown, in
figure 5.o

About 1/? gram of bacteria was weighed and transferred to a
25-ml voluriectic. f-,13;k 10 m3. of methanol and a glass-covered4gnetic
stirrer were added.

b, The reflux condtenser was attached.

co The .I. emb.. was placed on the hot plate-.stirrer and the
stirring r.ite adju:,-,d to prevent both localized overheating and settling
of the bactoera_,
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Figure 5. Apparatus for Direct Extraction-Transesteriflcation of Bacteria
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II
d. The BCI delivery tube was inserted, with gas already passing

through it at a iate of one gam of BC1 in two Minutes. Although in
practice the tip of the gas delivery tube was placed about 1 mm below
the surface of the suspension, the gas delivery tube could remain above
the suspension during delivery, provided stirring was vigorous.

e. In about one miinute, refluxing began from the reaction ofF! BC1 3 with the solution. The hot plate was then adjusted to maintain
the required tempe:rature for refluxingo At the end of two minutes, the
BC1 3 delivery tube was removed from the solution and the has shut off.

I I f. The solution was refluxed for ten minutes.

g. The flask contents were transferred to a separatory funnel
containing about 75 ml of distilled water,

h. The methyl esters were extracted with a lO-ml portion and
*two 5-nl portions of diethyl ether, using centrifugation to aid in the

extraction.

i. The ether solution was dried by the addition of 3to5 grams of
silica gel and the volume reduced by the use of dry nitrogen. This
treatment was necessary when using the thermal conductivity detector,
which is sensitive to water. On the columns that were used, water
trailed very badly and disturbed the pattern of the chromatograms.

J. The solution was then transferred to a 5-ml graduated cylinder
with ether washings of the silica gel. Actually, after two washings of
the silica gel with ether, no detectable additional methyl esters could
be removed from the silica gel. A test showed that no lose of esters
occurred by treatment with silica gel.

k. The final volume was adjusted to the desired volume (usually
about 2 ml) with ether end transferred to 5-ml syringe vials containing
about 1/4 gram of silica gel.

The samples were then injected into the gas chromatograph for
analysis. The samples injected contained an amount of esters equivalent
to about 25-50 milligrams of original dry bacteria,

This procedure represents a convenient and rapid means for conducting
studies of microbial composition. Figure 6 shows a comparison of the
transesterification technique using a direct suspension of the bacteria
in methanol and the technique involving Soxhlet extractions. It will be
noted that different proportions of fatty acid methyl esters result from
the two different methods. Furthermore, in this regard, the use of
ethanol instead of methanol (which forms the ethyl esters rather than
the methyl esters) also results in different proportions of the fatty
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Figure 6. Methanol-BC13 vs. Soxhlet Extraotion

Conditions: column is 7 feet by 1/4 inch, 10% SR, 1% Sebacic acid on Chromosorb
Type W, 100/120 mesh, temperature programmed from 1250 to 3009C at 5.00/
minute. Flow rate of helium is 100 ml/minute. The first 12 minutes of each
chromatogram is not shown. Reference marks are at 1-minute intervals. Each
chromatogram represents 50 mg S. marcescens.
A. BC13 gas added to methanol, 20 minutes refluxing.
B. BC13 gas added to methanol, 10 minutes refluxng.
C. BCl 3 gas added to methanol, 5 minutes refluxing.
D: 180 Binute Soxhaet extraction with chloroform followed by transesterfication.
E. 90 minute Soxhlet extraction with chloroform followed by transesterification.
F. 45 minute Soxhlet extration with chloroform followed by transesterification.
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Li acid esters than with either direct methanol suspension or Soxhlet
extraction. (See figure 7).

Because of the results shown in the two preceding figures, an
attempt was made to add a good solvent for fats to the methanol suspensions
of bacteria to aid in the extraction of lipids. Diethyl ether was used
in an amount equal in volume to the methanol used. For Serratia marceso"es
only about 25 percent as much extraction-transesterification-occurred
for this solvent mixture as when methanol alone was used. Similar results
were obtained with Pasteurells tularensis. Chromatograms representing
100 mg of each organism following this treatment are shown in figure A.
It will be noted by comparison with a standard mixture of methyl esters,
that resolution was very poor also. Base line behavior was also indicative
of the presence of unesterified lipids or fatty acids.

As mentioned previously, lithium methoxide has been used to achieve
rapid transesterificationo Attempts to apply this method directly to
bacterial suspensions were only partially successful, although we did
find that it is an effective trarsesterification agent for sesame oil.
This is undoubtedly caused by the fact that the reagent does not extract
the lipids from the bacteria. In this regard, mixtures of ether and
methanol were used successfully in the transesterification of sesame oil
by BC1 3 , while similar attempts using cyclohexane in methanol produced
only a very limited amount of transesterification. Accordingly, it is
concluded that the addition of these solvents interferes with, rather
than aids, the extraction-transesterification by BC13. The manner of
interference is not clearly understood and more work should be done in
connection with this point.

As far as we can determine, boron trifluoride has not been applied
to transesterification by previous investigators. The present work
shows that this reagent, as well as boron trichloride, can be used for
direct methylation of lipids. In addition, the boron.-trichloride pro-
cedure allows a direct conversion and extraction of fatty matlerials from
bacteria. Boron trichloride is superior to boron trifluoride in the rate
of conversion in this application as well as in its extraction effective-
ness.

The use of boron trichloride has other practical advantages also.
Boron trichloride gas does not combine with methanol at ns rapid a rste
as boron trifluorideo As a consequence, the addition of the gas through
a bubbler tube is more easily controlled without danger of the methanol
being sucked up the tube. It is not necessary to cool the methanol
before addition of the reagent. The heat of reaction provides the temperature
necessary to start moderate refluxing immediately, and the solvent effect
of tho reaction ixxt.•Irp A1Thws direct extraction of bacteri.al l.ipids.
Because of the dehydration effect of boron trlchloridep the direct extrac-
tion and transesterification of bacteria does not reoiire dryinp or
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Figure 7. BC13 gas vs. BC1 3 -ethyl Ether Extraction and Transeeterification

Conditions and Column same as Figure 6.
A. 8 ml ethanol + 8 ml SCi 3-ethyl ether, 5 minute reflux
B. 8 ml methanol + 8 ml BC13-ethyl ether, 5 minute reflux.
C. 16 ml ethanol, 2 minutes BC13 gas addition, 5 minute reflux.
D. 16 ml methanol, 2 minutes BC1 3 gas addition, 5 minute reflux.
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ly'pohilizat•onj it works sa well with wet, fresh3y centrifuged bacteria as withf-Ithe dry bacteria,

eter he greatextraton)veradl y i~eld n occu s wit chlroform att ascth solenthis
eaters. The greatest overall yield occurs with chloroform as the solventj thisf • yield variation is undoubtedly caused by differences in solubilities of specific

j Ifatty acids or lipids in the various solvent systems. However, it is apparent
that the short methanol-BC3. extraction-transesterifioation procedure is as
adequate for detection or iaentification purposes as the prolonged Soxhlet ex-

ii traction approach with chloroform. Chloroform in the direct BCl method forms
a gelatinous compound of unknown compositionj consequently, it m2st be removed
before transesterification,

The advantage of using a prepared liquid reagent, such as the BF3 -methanol
complex of Metcalfe,1 2 was recognized. The following tests were made with this
in mind. Boron triohloride was bubbled into methanol and into diethyl ether to
form the BC1 3 -solvent complex.

Methanol saturated with BCI 3 was used in place of BUC3 gas reagent. The
results are shown in figure 9. 3

In diethyl ether a solid complex is formed when BCl, is added to the ether.
This complex is soluble in excess ether. The complex was diluted with ether in
realizing complete solubilization. About five times as much ether as BC13 by
weight was used. This diluted reagent was used in place of 1CI 3 gas addition.

A comparison of the effect of this ether complex when added to methanol and
ethanol suspensions of bacteria with the addition of the gas directly to methanol
is shown in figure 10. Two minutes of bubbling BCI add slightly more than one
gram of BC1 3 to the reaction mixture. Sufficient B&l3-ethyl ether was added to
duplicate suspensions representing two grams of BCl. The imsults indicate that
the ether complex leads to the same transesterifica'ion as does the direct add-
ition of gas. The reactive nature of even the dilute ether complex is suich,
however, that it must be slowly added to the methanol suspension over a period
of approximately one minute to avoid violent reaction.

The amount of transesterification is proportional to the amount of BC1 3
added to suspensions up to the point where an amount of BC1 3 is added which
leads to the complete removal of water from the mixture and provides a slight
excess of BC13 as a catalyst. Additional BCM3 then has no effect. Excess BCI 3
beyond the proportional region may result in unwanted side reactions, particularly
with unsaturated acids. The presence of water causes a shifting of the equilibrium
to favor the fatty acids rather than the methyl esters, With insufficient BCI 3 ,
completely anhydrous conditions are not attained, and a lower yield of methyl.
esters is observed. The BC1 3 ether complex does not retain its activity at room
temperature. Storage for 4 weeks at 25 0 resulted in a 50% loss in activity.
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Figure 9. Transesterification with BC13 Pretreated Methanol

Each .hromatogram represents 0.51 mg. sesame oil.
Column and conditions the same as in figure 10.
A. BC1 3 for 8 minutes with continuous refluxing.B. Methanol saturated with BC1 3 , 15 minutes refluxdng.
C. Methanol saturated with BC1 3 , 5 minutes refluxing.
D. Methanol saturated with BC1 3 , no refluxing. 32x
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Figure 10. BC13 gas vs. BC13 -ethyl Ether Transesterification

Conditions: 6-foot x 1/4-inch OD column, 20% DEGS on Type P Chromosorb,
60/80 mesh, isothermal operation at 225C. Helium carrier gas flow rate

is 100 mI/min. Each chromatogram represents 1.36 mg sesame oil. Reference

marks every 2 minutes. Ether peak attenuated 1/1024.

A. 4 ml ether, 6 ml methanol, 4 minutes BC13 gas addition, no refluxing.

B. 4 ml ether, 6 ml methanol, 4 minutes BC1 3 gas addition, 15 miin. refluxing

C. 4 ml ether, 6 ml methanol, 2 ml BC13 -ether reagent, no refluxing.

D. 4 ml ether, 6 ml methanol, 2 ml BC13 -ether reagent, 15 min. refluxing.
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These results indicate that BM gas is preferred for the transesterification-
becauses (a) the ga is-easily haied• (b) the addition of the gas involves less'1H hazard than addition of th ether ame, and (a) the ether-complex cannet be
stored at room temperature, lwtheroe, since the amount of B3d 3 required is
proportional to both the amount of methanol used in the extraction-transesterifi-

S~cation and to the gas delivery time, decreasing the amount of methanol will shorten

the length of bubbling time preportionallFs In all oases methanol is required in
relatively large excess ompared to the lipids extracted.

SBecause BCI3 reaction vi th methanol goes beyond the formation of a coord-
ination compound, the preparation of the BCl. -fthanol mixture is not effective.
Methanol saturated with BCIM was found to prdduce a limited lipid transesterfi-
cation; its effectiveness i2 quite low when compared with gaseous BCl3, The
direct addition of liquid BC13 to cooled methanol is not suitable because violent
eruption and ignition of the methanol occurs.

3.2 Bacterial Work

3.2.1 Growth Techni us
SSeven nonpathogenic bacteria were obtained from the American Type cul*ie

Collection, 2112'M Street, N. V., Washington, D. C. These were Micrococcus ureae,
Gaffkya .~agen~a, Escherichia freimdii, Aerobacter cloacae, Klebsiella aeognes,.
Prt vugii, ahna! The~i~1aco9.79se were rr-wB,ýTyte-6technique to b
descibedFairadditional BacterI Serratia marcescens, Pasterurella tularensis,
Bacillus subtilis, var'. i n ailsatrcs were obtained In =
form from the U.S. Army -e-eual Corps, 3iolo-ical TLaboratories, Ft. Detrick, Md.
The latter -wo were in the spore form, The growth media for these is not known.
For the others-, the culture media used was either Trypticase Soy Broty (TSB) or
Koser Citrate media (KOK), obtained fro.i Baltimore Biological Laboratories,
Baltimore, Md. These were chosen bhcause the-. were free of lipids. The TSB was
analyzed for lipid content; and this content was found ti' be loss than 0.2 per-
cent. The KQ' is a totally synthetic media containing only citrate as a source
of carbon.

The bacteria were grown in the aparatus shom in figure n1. It consists
of a 2.8 liter culture flask to which has been added a 25 watt or 50 watt aquar-
ium-type tube immersion heater capable of controlling the temperature within
t±oC, an air-bubbling tube, and a port with a serum cap for sterile injection
and removaa. of bacterial samples, The flask is capped with an inverted beaker.
Millipore filters were used to sterilize the air supplied by the laboratory air
line,. Sterilization was effected either by conventional vitoclaving, or by adding
liquid ethylene oxide (bd 1O.7 0 C) at the rate of 5 ml. per liter of nutrient and
allowing it to sit undisturbed for two to four hours at room temperature, followed
by overnight bubbling with 20% ethylene oxide,. 80% carbon dioxide at incubation
temperatures, This step was then followed by aeration for 48 hours by bubbling
air through the nutrient solution. When conventional autoclaving was used, the
air lines were sterilized before and during the connection by a flow of the
ethilene oxide-carbon diomide gas mixture.
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After establiliing -the sterility of the nutrient solutions by observing
no growth durtv 48 hours of air bubbling, pure cultures obtained from the
Aerican Tpe igtue Collection were added to the nutrientz. The cultures
could then be maintained from flask to flask by extraction and injection with
sterile syringei.

After the growth of the bacteria was completed, the culture was centrifuge
at 4000 g for 45 minutes. The sedimented bacteria were resuspended in I peroen!
oalution KC1 and recentrifuged. The bacteria were then taken up in a samall

amount of distilled water, frozen in a dry ice-acetone bath, and lypphilized.
Temporary smears obtained during the growth were examined under the microscope
to determine the appropriate morphological characteristics and the purity and
identity of the culture. No further tests were made to verify the identity of
the bacteria.

One flask (about 2.5 liters) of nutrient would yield up to 3 gis of bacteria
(dry weight) for TSB and up to 1 gram for 10!.

3.2., Chromatogaphic Patterns Obtained From Bacteria
Bacterial lipid chromatograms, grouped to shon the similarities between

family menbers, are shown in figure 12; the differences between families in
:figure 13, and the differences between individual species grown on two radically
dif'ferent culture media are shown in figure 14. Two growth forms of Iaebsiella
aerogenes are shown in figure lý. The Slebseena aerogenes was induced to grow
in a modified form (filiform) through the inci plete removal of ethylene oxide
from the nutrient, as well as in its normal encapsulated form.

Figure 16 shows a comparison of the patterns obtained from Escherichia celi
at different growth stages.

The Escherichia culi were harvested about midway through the logarLithmic
growth phsen7eiar •ts end, and two days after its end to compare the lipid
patterns of each growth period.

Apparently, the amount" of unsaturated C:6 lipid decreases and that of sat-
urat9d C-6 lipid increases as the growth period increases. Also, the C18, k,
and C20 lipids undergo a change in quantity. Another significant change, noed
from the quantity of bacteria required for each chromatogram, is that the bacteria
harvested earlier have a much higher lipid content. The qualitative pattern type
remains the same throughout the growth period, and microscopic observation shows
no change in morphology.

It becomes evident that each species has a unique pattern if grown on similar
nutrient media. The pattern type remains the same regardless of nutrient media,
but the relative amounts of each lipid in the bacteria differ with differing media
and with different growth stages. The chromatograms also suggest that each
family has a distinctive pattern type which can be recognized without difficulty.
The exceptioftu tvb.Lh it ; ,m uaue of the Bacillaceae members subii.Lis and
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Figure 12. Comparison of Genus Differences in Family Entorobacotriaceae

Each chromatogram represents 25 rag. of ijacteria, dry weight. Column is

16 feet x 1/4 inch OD copper containing 3-percent Apiezon W on Anakrom Type
ABS 160/170 mesh. Column temperature programmed from 1250 to 3000C at
5.61C/min. Fatty acid chain lengths corresponding to normal acids are shown
by subscripts.
A. Escherichia coli gruwn in TSB.
B. Serratia marcoscens grown in unknown nutrient media.
C. Proteus vulgari grown in TSB.
D. Escherichia freundii grown in TSB.
E. Aerobacter cloacae grown in TSB.
F. Kilebsiella aerogenes grown in TSB.
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Figure 14. Comparison of Growth Media Effects

Conditions and Column same as Figure 12.A. Esoheriehia freundii grown in TSB.B. Escherichia freundii grown in KCM. 3S~C. Aerobacter cloacae grown in TSB.i I D. Aerobacter cloacae grown in KCM.
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Figure 10. Compartscos, Of Crvj'th Form NF-Mets

Conditions and Column same as Figure 12. Ether peak attenuated 1/10)24.
A. 10abstellaa aerogenes, normal capsular growth.
B. Klaebsiella aerogenes fllform growth. Both grown in TSB.
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Figure 16. Comparison of Pattern for Different Growth Periods of Escherichia
Coli

Conditions and Column same as Figure 12.
A. Bacteria left in nutrient at incubation temperature for 2 days after
completion of log-growth phase. Chromatogram represents 80-mg. bacteria
dry weight.
B. Growth interrupted near completion of log-growth pliase. Chromatogram
represents 33-mg. bacteria, dry weight.
C. Growth Interrupted half way through log-growth phase. Chromatogram
represents 7-mg. bacteria, dry weight.
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•thraci,, whose patterns are not closely similar. This may be because only the•. sipore Moi were used.

It has been shown by Anderson6 on the basis of chemical sfudies an several
atraina of bacillus that each strain produces a lipid cmposition peculiar to
itsalf, and that al b eough the compositions are not identical similarities be.

tween strains are shown, The work reported here further indicates the appearance

of fami3y resemblances. It also establishes the va3idity of the concept of the
concentration profile.
3.3 Spectrophotometrio Methods i

-A completely separate approach to the concentration profile technique is

the investigation of spectrophotometric methods for the sensitive and character-beistic analysis of components of bacteria and sporAs. In general, this work has

been of an exploratory nature in evaluating the possibilities of this approach.

3•3.2 Work Accomplished and Conclusions

Literature Surve.:

SAcid HydroLis of Nonptein Constituents

A literature survey has revealed that short-time exposure to acid con-
verts several constituents normally found in bacteria cells, cell walls., or
spores into"compounds which can directly, or through the action of additive
reagents, be determined by spectrophotometric methods. These constituents aret
(a) dipicolinic acid (DPA), (b) 3-Hydroxybutanoic acid (HBA)., (c) nucleic aci1ds,
and (d) carbohydrates.

Dipicolinic acid, which appears to be unique to bacterial spores or spore-
forming bacteria can be completely liberated by boiling In acid for J5 tinutes 17
Dipicolinic acid has the more-or-less typical ultraviolet absorbance spectra
associated with pyridine and pyridins derivatives. This spectra shows an absorb-
ance max'.n at 270 mu under prescribed conditions vith a MOIAe absorptivity of
4.5 x 10' and is, therefore, capable of being used direotly for microgram deter-
mLnations.I In addition, the compound develops a yellow color when allowed to
ccmiplex under suitable conditions with ferrous iron. However,, the molar absorp-
tivity % this method would only be 15 percent of the ultraviolet absorbance
method.

Poly-3-hydroxybutanoic acid, a polymer found in bacterial cell walls, is
degraded to the monomer and then dehydrated to crotonic acid by ten minutes
heating at 1000C in concentrated sulfuric acid.,2 Crotonic acid also has a
unique ultraviolet absorbance spectrum in concentrated acid, The maximum absorb-
ance occurs at 235 mu in 804100 percent sulfuric acid and has a molar absorbance
Index of 1.55 x 10 . This method would be sensitive to microgram quaýtUties.
Other methods for determining this polymer are the gravimetric method" and a
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tarbidity mattho4 2 2 neither of vbich posseaft senhsitivity of the ultravioletfl bebanee methad.

Acoo~d4zg to several. reporti, nuo.eUo acids, when heated vith byd*oolorie
a~cid. at lQOV for 30 to 60 miiitesr, liberate reproduclbly pentoaerl the pebbeu.e

L... are- aiubsequently converted to ±Nurftral, Thrfural has- a. unique ebsorption apsctrum
in the ultraviolet vith a re~port~ed maxbmm at 278,5 mu. lt is Wd=0sit17

its collection and tnayssoeu

A simpler method involves the addition of one of several colored reagents
to the nucleic, acid solution. The nucleic acid-reagent reaction leads to a less

H voia-tile colored compoundt the decrease in color intensity is measured color-
imetrically or spectophotometrically. Effective reagents of this t'jpe aret re-
,!sOroinol, orcinol, phloroglucinol, anil e lidine, and berosidie, as- well as
certain derivatives of these compounds., Several of these reagents react to
give colored compounds which are insoluble in aqueous solutions. but which can
be extracted and concentrated with suitable solvents such as iaoamyl aloohol.26
Otheraslike anillne., do not develop suiLable color9 except under defined cond-
-tions."' The nature of most of these reactions is not cilearly understood. but

these reactions are probably similar to the reactionr of benaldehyde in the pro-
duction of dyes (for instancei the reaction of ben2wl.dehyde in the presence of
hot hydrochloric acid and zinc chloride with dmethylaniline gives Malachite

green) .27

Carbohydrates a.e hydrolyzed to timple sugars and sugar derivatives in less
than 30 minutes by concentrated hydrochloric acid and heat and then converted
to furfural derivatives.2o Hexoses yield --(hwxoiy-ue,.yl).frlfu?,ai, white
6.deoxyal.dehexoses yield 5-methyltfurfual. These compounds are not volatile with
steam as 1s faur.a.r.. and they react -with several of thE aglnts with which fur.-
fural reacts to yield compounds wi.th vi s:ible and UoV. spectra differing sign-
ilicantly f-om those aseociated waith furifzral reactl on produc os. For example,
ths absorbanoe maxima of t-he oroinol, reaction product with pentoase in hydro-
ciloric acdd In the visible spoctral. region are ai. 670 mu &md 450 mm,, while the
reaction produot, with bhxoses gives peaks at 520 mi and 4.50 lp. Because of
these differencea, hexoses and pentoses may be deiArmrnied o:inoltaneously, 2 9

The molar ab.-,orbance .1ndices of two hexose reactlon product', at 2'0 m1 are
considerably lownr thr4% the molar absorbancy inlex fo, a typ:i1,-al pento;e re-
a•'tion product at 670 iiy.. Some v&lnes,, calcnilatmd frcvrt publI:.hod absorption
spsctra of the reactuion products of the follojing sugari a.• fractose e I x
i0", g•lucose 2.2 x 102ý and xyloee 1- 3 x 103. Ttie d ffsron,%a are probably
ca.used by the fact Ithat hexoie oonInucs to react :L acid soi,3nton to form an
oKi':laIton prodahct. .lvu'ini, ac:id..- The addition .:,: the .:olc imetric reagent
before heating may inhib:it thhis latter oxidation.
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Acid MgLQL~e o.at Mrt-ezi Gonst-U1i2nt

PCanplets bydro2~pu± of proteins to their constituent amino aoidw is gen..
erallyaccomplished by heating the protein with to 20 tizga its wuight of 3N
to 12N hydrochloric acid at 1000 to'1200 for 3 to 40 hourv.30 in general the4
amino acids are stable under these onditoaw. with the exception of tptOpams
oysteine, ser•Jne and threonine, Partial hydrolVis biegns immediately on -ax-
posuze to acid (or base). there io a possibility of attaining a more rapid
hkydrolysis of proteins through the -use of ion-exchange resins which oat&17ze the 7hydrolysle. For instance, Dowex-50 was fo!d to be 115 times more effective than
an equivalent amount of hydrochloric acid. The hydrochloric acid concentration
against which this omaparison was made was IN. No data were provided from which
the resin catalyzed could be compared with that for concentrated acid. It is
conceivable that more active catalysts can be found. It is of interest in thisi regar4to note that certain bivalent cations catalyze the hyolysis of ribonucleicacid.r l There is a possibility that these sate cations may spead the hydrolysis

of proteins as well.
, .• x3oe rixnenta~l ( "

Ultraviolet Absorbance of Dipicolinio Acid

Although dipicolinio acid has been extracted from spores by treatment withhot acid, no absorbance spectra have been reported Sor this m;•,-Iria:l in the

presence of acids. It has been found that dipicolinic acid han a unique absorp-
tion spectrum in concentrated hydrochloric acid with strong peaks at 215 mýL
and 278 n4.L (figure 17). lpdrochlorio acid concentrations between 20 and 37 per-
uent result in a progressive shift of the absorption maxima, but by no more than
2 mp. Hydrochloric acid concentration near 27 percent affects, the absorbance
to the greatest extent and a 30 percent acid ccncentratlon leads ÷o minimum
absorption, The relative difference between maximum and minimum absorption at
a particular wavelength is the order of 15 percent.

Thp absorbance of dipicolpnic acid foJlows Beer's law over the range from
1 x 10-l M to at least 1 x 10-4 M with molar abaorbance indexes of 8.22 x 1O3
at 278 mýL and 9.6 x 103 at 215 mt in 37 percent hydzochloric acid. The absorb-
ance at 215 mp is affected by slight variations in effective hydrochl eric acid
concentration which might exist between the reference and sample, and it is not
as reliable for quantAtive determinations. Heating to one hour has no effect
on the absorption spectrum.

For the studies on dipicolinic acid, a commercinIlly obtained product was
recrystallized from boiling water, dried under vacuum. Weighed quantities were
dissolved in concentrated hydrochloric acid and then diluted to the desired
concentrations with concentrated hydrochloric acid. For studies on the effect
of heating of dipicolinio acid (and all the materials reported balow), the de-
sired concentration was made up in a 100 ml vonI mpetric flia-k; thc flask was
iiunersed in a boiling water bath. Samples were withdrawn using a 5 ml pipette
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Figure 17. Absorption Spectra of Dipicolinic Acid

CojieeUzLzaUun 0.020 mg/'ml., 1 cm. path length cello.
Solvent; A. distilled water

B. 95% ethanol
C. Concentrated HC1
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from the flask at 5-, .O, or 60-minute intervals, depending upon the study
involved. The sample was cooled to room temperature and ite spectrum was re-
corded with the B & L Spectronic 505 using concentrated hydrochloric acid in
the reference beam.

In the studies on the effect of hydrochloric acid concentration, a stock
solution of dipicolinic acid was prepared in concentrated hydrochloric acid
and 1.00 ml samples were placed in l0-ml volumetric flasks. A measured quantity
of distilled water was added to each flask, and a duplicate amount of water was
added to an empty 10-mi volumetric flask. The flasks were then made up to volume
with concentrated hdrochloric acid. The solution in the duplicate flask con-
tained an equal quantity of water, but no dipicolinic acid was used as the re-
ference,

The ultraviolet absorption spectra of dipicolinic acid was also obtained
using distilled water and 95 percent ethanol as the solvent. These spectra
are also shown in figure 17.

Reaction of 3-hyroqxbutanoic Acid in Concentrated ltrpochloric

Acid

In experiments with 3-hydroxybutanoic acid, using concentrated sulfuric
acid at 1000 C, the following results were obtained: Immediately after dis-
solving commercial 3-hydroxybutanoic acid in concentrated hydrochloric acid,
the compound exhibited a single Pbsorption maximum at 256 ma with a probable
molar absorbance index of 5 x 10 , Within five minutes after dissolving and
with the solution still at roam temperature, two absorption maxima were present.
These were at 256 mi and 127 mi. The latter absorption increased during the
first 60 minutes. Continued heating for more than five hours did not result
in complete conversion to the new compound which was assumed to be crotonic
acid. Assuming the crotonic acid conversion to be 95 percent complete after
five hours, the molar absorbance index was calculated to be about 1.3 x 10'.

It is quite apparent from these results that absorbance of the hyAroxy
acid is too low to provide a sensitive speoctrophotometric azalysis. method.
Conversion to crotonic acid increases somewhat detection sensitivity. The
Conversion to crotonic acid is not of sufficient rapidity in concentrated
hydrochloric acid to take advantage of the higher sensitivity afforded by its
intense peak. At present, it would appear that any micre analysis for the
1hyrroxy acid should be based upon the separation of the polymer and the sub-
sequent reac-tion of the polymer with concentrated sulfuric acid.

Reaction of Hexoses and Pentoses in Concentrated L ochlorTAcid

Several sugars were dehydrated in an acid solution containing 15 percent
hydrochloric ;nd 10 percent sulfuric acids by volume. The dehydration was
carried out in a boiling water bath at 1000 C. By extracting samples at 5- or
10- minute intervals it was found that: (a) ribose is converted to furfaral
in 60 minutes t three Tirnutes. The furfural shows absorbance maxima in this
solution at 283 mrn and 232 mi with a molar absorbance index of 9.3 x 103;
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(b) the reactin is complete in ten minutdv :t three minutes and is Toowed-by
r1zapid conversion to levulUinio aeid,* Lewmli -nic acid onty is. present- Wfter 6L0
minater. The spectra of the 54hil rwetmhbl.) turfoiirl iv a~iniiz to fuz'furrl
with absorption maximaoccurring at 235 mp and 286 mol (o) the comversion of
both galaotose and gluoose to _-(hyý etbyl) furfural and the further oxid-[1 ation to levulinia acid appears in both oases to proceed at very nearly the
same rate; (d) and more than three hou ane required for the reaction to be
complete* No significant amounts of the fufrlual derivative. Vere deteoted
spectrophotometrically at any time during the dehydration of glucose or galactose,

Gas Chromatographic Study of Protein Amino Acids

SIn spite of the failure of the boron trifluoride esterification treatment
of the amino acid, diam1nopiAelic acid, an exploratory exneriment was performed
to see whether the formation of methyl eater& could be observed with a proteinhydrolyzate. 'Wheat gliadin was obtained from California Biochemical Research
Laboratories. This is a purified protein made up of 13 amino acid6.

A small portion of the gliadin was sealed in a glass ampule with concent-
rated hydrochloric acid and heated at 2000C for ten minutes. The resulting
sample was placed in methanol and treated with boron trichloride, as in the
previous boron trichloride work. The resulting chromatogram showed at least
13 peaks. I'%Iaay be concluded from this experiment that at least a partial
methylation of some of the amino acids was obtained with boron trichloride,

B-Hydrozybutyric Acid Oxidation to Acetone

B-hydroxybutyric acid can be oxidized with potassium biohromate and oul..
furic acid to acetone. To be able to use Uhis reaction in connection with a
gas chromatographic technique, an attempt was made to react the acid wLth solid
Cr02 supported on inert material such as alumina. The polymer of the acid is
soluble in chloroform, glacial acetic acid, pyridine, and octyl alcohol. Glacial
acetic acid was chosen as the solvent for this system. In a small distillation
apparatus, L5 g of activated alumina (20/30 mesh) was added to the flask,* and a
10 percent solution of CrO in glacial acetic acid was then added. Then, the
flask was connected to a cold finger and heated with an oij. bath until all the
acetic acid distilled off, leaving dried alumina which was colored orange. Next,
the thermometer was lifted and, with a syringe, 2 ml of glacial acetic acid
containing 0.1 percent B-hydroxybutyric acid was injected in the flask and the
thermometer returned, The distilled acetic acid was drawn off with the side tube
and stopcock.

To detect the acetone produced, six drops of the acetic acid solution was
diluted with 20 ml of distilled water, and 2 ml of 40 percent NaOH solution
were added. Then, two drops of 10 percent salicyl aldehyde solution in ethanol
were added and mixed. If acetone is present, dih•ydroxydibenzol acetone is
formed and this compound has a red color. A blank was prepared in the same
m•nner ,singa si-. rnp- toir Un,• ac•t, acid, which was drawn off after tho add-
ition of the CrO2 solution to the alumina. The sample gave a dark orange-red
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color ooupaed to an orange color of the blank. ThiAs showed that the acid can
be troaMfmned to acetone in a sal"d reactor. The advantage of thi, featas
over the cOmpetitive solution o6nl-rsion in potassium bichromate and sulfuric
acid ir apparent when such a method must be designed for field use.

ITo wbjy if the reaction is fasts the me test was repeated, but the first
three drops of acetic acid wer used for the aoetwe testj thir test was also

n positive for acetone.

3.,4 S~rols tudiesJ

A 25 mg sample of Serratdia marcescens was placed in a fused silica tube,
sealed at one end, and over th silcone carbide, A stopcock was connected 6
to the other end. The tube was evacuated and hyrogen fair was admitted to a
pressure of approxinately 200 mm Hg. The end of the tube containing the bacteria
and silicon carbide was heated in a gas-oxygen flame to white heat (about 12000 C).
Some waxy matorial condensed on the upper portions of the tube, The room-temper-
ature, volatile.pyrolysis products were then analyzed by mass spectrometry and gas
chromatography.

Figure 18 shows a typical mass spectrum obteined at an ionizing voltage of
15.5 ev. This ionizing voltage essentially eliminates o)Wgen, nitrogen, and
hydrogen from the mass spectrum and simplifies the spectrum3 3 so that the com..
ponents can be identified more readily. From this spectrum., it was concluded
that the following components were present: carbon monoxide, methane, ethane,
ammonia, water, butane, and carbon dioxide. Some higher-maolecular-weight, un-
identifiable materials were also present.

A gas-solid chromatographic analysis was also perfoniied on thesc products.
This ohromatogram is shown in figure 19. A Linde 13X molecular sieve colimn was
temperature programmed as shown in this illustration. Identification of the
eluted components was positive and showed the components to be (in order of
abundance)t carbon monoxide, carbon dioxide, methane, ethane, and butane. Water
and ammonia are not eluted as distinct peaks from molecular sieve columns, nor
are higher.%molecular-weight components eluted at these temperatures.

3.5 Atmospheric Background

Electrostatic precipitation of airborne particles was accomplished using
a Micronair Electrostatic Precipitator (Precipitator Corporation of America)
and a similar unit built at Helper (figure 20). This unit has an airflow of 3
million liters per day and appears to collect at 100 percent efficiency. Several
suburban locations near Washington, D.C., were sampled. Sampling was conducted
at various times from the latter part of May through August. No attempt was
made to correlate the concentration of airborne particles with corresponding
weather conditions.
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Figure 18. Mass Spectrum of Pyrolysis Products from Serratia marcescens

Condittons: pyrolyss, 1200TC under H2.

Mass Spectrometry: at ionizing voltage of 15.5 ev.
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Figure 20. Electrostatic Precipitators

A. Front view of Micronaire Unit
B. Exploded View of Micronaire Unit
C. View of Tube Unit
D. Schematic Wiring diagram of Tube Unit



Aft~er collecting for an allotted time, tbe precipitator wa4 daimuejaedq
cleaned with acetone . and the acetone evaporated at z'u tempera-tore, MTher acetone solvent was necessaex to achieve complete removal of the collected
material from the collecting plates. After evaporation of the acetone, theB material was weighed$ transferred to the apparatus shomn in figure 6 and an
extraotion.-trasestertfioation performed using BM3-in the manner describedpreviously for bacteria. Chromatograms were- then obtained.

IiIn another test, microscope slides were placed on the collecting plates
for the allotted collection time. These were spaced in line with the airflow
to determine the efficiency of collection as well as to provide an identification
of the types of particles collected. The, collected material was fixed to the
slide with gentle heating and stained with methylene blue,

The results indicoated that atopei background concentration during the
period analyzed averaged 3.,Z x I0 giiter During the pe.iods of colleotion,
the background varied from a low of 2 x 10 g/liter to a high of 5.3 x l0-0
g/lIter. The equivalent concentratIon of bacteria in the background samples
was estimated by comparison of the C. to 020 methyl ester chromatographic
responses with those obtained from Sgrratia narcescons. The average value cor-
responded to 11 percent bacteria. The estimated -values varied from a low of
4 percent to a high of 25 percent. On this- basis the bacterial (or biological)
atmospheric background amounts to about 3.5 z I0= g/xi.ter, which is about 1000
to 10,000 bacteria. In all atmosphera background chromatograms, a chromato-
graphic response corresponding to a C22 fatty aoid methyl ester was noted. This
component was presented in amounta which varied from a level about equal to the
concentration of the remaining CIO to C20 estere to amounts present at more than
100 times that of all the CIO to •O est±erv ocAhhnbed, We have made no effort
to identiy this component as yet." Typical chromatoograms are shown in figure
21-, table I shows a set of values obtained for the background concentration
dudring Augast.

Microsooplu examination of the coleloted and stained background material
indicated t•hit more than 90 percent of the particles were smaller than five
Sml on:. *No reliable estimate could be mad'e as- to the percent of the total
weight representoed by the pa'?tIclea amalleir than five microns. 7igure 22 shows
typical. photomicrographa of the oolleoted material.

3 .6 Gows Chrome to . 221

3.6.1 Colu'n_ .

Several types of partition oolmns aere usod during these studies. These
included tvo nonpolar liquid phasess silicone rubber (General Electric SE-30)
and the ether soluble portdion of Apieron II, and a polar liquid phase, diethy-
lone glycol. vuocinato . The nonpolar phases separated essentially according to
boiling points, while the polar phases separated both according to boiling
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" Figure 21. Typical Chromatograms of Methyl Esters from Atmospheric
Background

A and B are background while C is comparison against standard mixtures of
methyl esters. 53
Column conditions same as Figure 8,
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polut~p and degree of unaaturation. The silicone rubber oam be used to, I4WQQa_
maximum, while the diethylene r'yoo9 sucoinate is limited to about 25000 maxi=,
TheAPieson2 V couild be operated at about 300., The proportion of liquid p~me

t to solid support used was varied fram 1100 to lOriO .by we.gt.

Ih Several types of diatomaceous earth supports were used. These included
oCramosorb types P and W (Johnsmf _nrille), Gas Chrom type P (Applied ScienceLaboratories.)p and Anakrom ABS (Analytical D.gieering Laboratories), Anakran

ABC is an acid and base washed material which has been treated with a siliooneproduct to cover polar adsorption sites. It has been the most satisfactory

support. The support is coated by dissolving the liquid phase in a suitable
solvent, adding the solid support, and stirring with slight heating until thesolvent has evaporated, It is then heated overnight at 1200, after which it is
carefully sieved to remove lumps and fines, The columns are then packed by

applying suction at one end by means of a mechanical vacuum pump while adding
+. packing from the other end, A small hand-held vibrator is used to ensure tight
I+ packing while adding the coated support to the tube,

3.6.2 Sample Introduction

In all cases., the lipids, fatty acids, or eaters were dissolved in ether
and injected through a silicone rubber septum into a flash evaporator maintained
above the boiling points of the components,

Table I

ATMOSPHERIC SAMPLES COLLECTED BY ELECTROSTATIC PRECIPITATION

Sample Concentraction in g/liter Percent bacteria

(es tUmated)

1 2 x 1.0 121

2 4 x 1o-8

3 2.2 x 10"8 10

4 4.9 x 10-8 25

5 5.3 x 1o 12

6 2.1 x 1.O8 17

7 2.6 x lo-8 17

"2J. . x+ q-..... "
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3.6.3 High-~esolution, Hiilh-bsod Ohromi~t~gft

It was noted that a short column, when temperature-programsed
from 125 to 300', provided resolution that was comparable to tht ob-
tained with much longer columns of the stie diameter similarly programmed.
On this basis, it was reasoned that, by decreasing the diameter of the
column, a more even heating of the column packing from the exterior of
the column to the center would occur; consequently, there would be aI Vmore even change of partition coefficients. In other word, ,a smaller-
diameter column should be more conducive to faster-temperature programming.
This concept was tested using a Boekman Thermotrac linear-nonlinear

temperature programming oven in conjunction with a Beckman hydrogen-flame
detector. A 22 inch x 1/16 inch ID brass column was packed with 160/170
mesh Anakrom ABS initially coated with 2% SE-30 silicone rubber. After
conditioning, typical chromatograms as seen in figure 23 were obtained
when either solutions of the fatty acid methyl esters from dairy butter
were injected into the column and the column temperature programmed rapidly
as indicated by the dotted lines in the chromatograma. The small-diameter
column allows much faster programming. Thus, the optimum programming rate
for a 1/4-inch-diameter column was found to be 50/minute, while for a 1/16-
inch-diameter column the optimum programing rate was about 20 /minute.

These chromatogrAms were obtained by injecting small ether volumes
(l to 5 i4) containing a relatively high concentration of methyl esters
with the detector operating at an extremely insensitive attenuation (signal
attenuated 50 x lO4 times). When larger volumes of ether containing smaller
concentrations of methyl esters were injected onto the column, additional
problems arise if the hydrogen flame detector is operated at high sensitivi-
ties. These problems are discussed below.

3.6.4 Column Stability

Although silicone rubber is considered to be thermally stable to
375* when used an a liquid phase in gas chromatography, column bleeding
is evident at temperatures above 300. At such temperatures, the volatile
materials are probably compounds which are strongly retained by the silicone
rubber and, as a result, bleed off at a more or less constant rate as
they are carried very slowly through the column. At higher temperatures,
the silicone rubber undoubtedly is continually being decomposeo slightly
to produce smaller molecules of sufficiently high vapor pressure to pass
through the column.

A column can be cleaned of objectionable molecules in the case of
normal bleeding by using a gas phase other than helium (or mixed with
helium) to shift the degree of partition of stiongly retarded compounds
from the liquid toward the gas phase. We have found that steam can some-
times be used successfully. In fact, a generator for producing steam as
a carrier gas in gas chromatography is commercially available for use with

• • . . . . . . • - . • • .. . . . • .-: . . . • .. . . . . .. . -- - .• • - -- . .. .. .. .. . ...
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Figure 23. Rapid-Programmed Temperature Chromatograms of Butter Fatty Acid
Methyl Esters

Conditions: 22-irich x 1/16-inch ID column initially containing 2% SR on Ankrom
ABS, 160/170 mesh. Hydrogen-flame detection. Temperature programmed as
shown by dotted lines.
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the hydrogen-flame detector (Wilkens Inatrument and Ramaaeh Inc• . A
high-boiling, organic compound which has relatively low solubtu4ty in
silUiene rubber can also be used if the column temperaturvewe u•Mi L-•fldV above the boiling point of that liquid. We have succef .al37 used p-*M O-
phenetole in this connection. In both oases, the ooluym i± heated to the
desired temperature and$ with helium flowing through the columnp large
samples (several ml) of water or the organic liquid are injected into the
hot injection port.

Ether and other organic solvents, in which silicone rubber is
soluble, appear to lead to a partial removal of the silicone rubber as
well as the impurities. At high hydrogen flame-detector sensitivities,
even very small ether injections (I to 10 IL.M) result in undesirable
background because of increased column bleedingj this bleeding was manifested
as extreme trailing and a baseline shift upscale, larger ether solutions
of the fatty acid methyl esters from bacteria show this effect with the

less sensitive thermal conductivity detector. An exuiple is shown in
- figure 24. It will be noted that trailing in the chromatogram continues

for more than ten minutes. It has been concluded that injection of the
fatty acid methyl esters in ether solutions is not feasible when high-
detection sensitivity is required.

One of the most time-consuming portions of the extraction-trans-
esterification-gas chromatography of bacterial fatty acid methyl esters
is the removal of B01, and C13 -methanol reaction products from the
"transesterification reaction mixture. It has been postulated that these
reaction products include methoxy boron compounds and alk1 chloride
structures which are formed with the release of hydrogen chloride. We
have used water to hydrolyze these reaction products. The esters are
extracted from the treated solution with ether.

The BC13 and BC1 3 -methanol compounds are volatile at low temperatures.
The boric acid formed in the dehydration reaction is not volatile. The
direct injection of the reaction mixture is an appealing method of shortening
the total analysis time. Unfortunately, pure methanol leads to column
bleeding in a manner similar to ether, while BC13 seems to catalyze the
decomposition of the silicone rubber.

The commercial hydrogen-flame detector used in these studies has a
zero suppression control which can be used to cancel out the background
caused by column bleeding. However, as the column is temperature-
programmed from, for example, 50 to 350*C, the column bleed rate will
change from zero to some extremely large value; this change in bleed rate
is easily seen by the detector. Accordingly, constant zero suppression
cannot be used with a temperature-programmed column at high-detector
sensitivity. It would seem at first that programming the zero suppression
to follow the column-temperature program might be feasible. Unfortunately,
variations in the size of sample injected and the fact that background
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Figure 24. Effect of Addition of Large Ether Samples on Gas Chromatograms

300 •l ether containing fatty acid methyl esters from 50 mg S. marcescens.
Column is 5% SR on Anakrom ABS, Conditions same as Figure 12.
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electrical noise increases with increasing zero suppression would preclude

this pngrsamig. At the hgher temperatures, the background noise may
easily be greater than the signal rdsponse of the recorder when the zero
suppression is used.

We havp found tgt under normal operating conditions, when ether
injections iargar thihfibOit 10 to 20 li1 are eluted from the column, the
hydrogen flame is almost invariably extinguished.

From these studies it has been concluded that, to achieve the
sensitivity of which the hydrogen flame detector is inherently capable,
the following conditions must be met: (a) a sampling system which does
not require the passage of a solvent through the column must be used;
(b) columns containing thin liquid coatings on the solid support for
short retention times and low zero suppression is required at the higher
temperatdresj (c) for rapid temperature programming, the distance from
the outside of the column to the center of the column must be kept as
small as possible (capillary tubing would seem to be ideal); (d) if
zero suppression is required, the column must hO. onerated isothermally
to avoid extreme baseline drift.

A system incorporating most of the features indicated above has
been designed, constructed, and the principle tested. It is illustrated
and discussed briefly in figure 25.

The results showed that it is possible to inject a solution of C5
methyl ester in ether and vent off the ether without losing any appreciable
amount of the C5 ester (see figure 26). The 05 methyl ester (methyl
pentanoate) has a boiling point of 1270 at atmospheric pressure, and ether
(diethyl ether) has a boiling point of 35 0. Methanol, the methyl borates,
and boron trichloride all have boiling points below 790 and should present
no problems. A direct injection of the BCl 3 -methanol-bacteria reaction
mixture, however, was not attempted.

The precolumn (ester trapping column) cannot contain a packing which
will adsorb any of the molecules. This is illustrated in figure 27, which
shows the effect of asing alumina instead of silicon carbide to provide
a surface for the condensation of the esters, It will be nnted that not
only is ether retained, but in addition, the methyl esters are not resolved.

At higher detection sensitivities than that used it figures 26 and 27,
opening and closing the vent valve seriously disrupted the chromatorram.
This is probably caused by heating and cooling of the hydrogen flame as
the carrier gas flow was turned off and back on. With the 1/8-inch OD
packed column used in these studies, the flow rate is appreciable to 60
ml/minute). It was believed that capillary columns might avoid this effect
because the flow through a capillary column may be 10 to 100 times less.
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CONTROLLER (A) INJECTION PORT (8)

RECORDER -I ETHER VENT VALVE (D)

S-- PARTITION COLUMN (E)

ELECTROMETER F--- DETECTOR (F)

Figure 25. Proposed Chromatograph for Achieving Increased Sensitivity and
D~ecreased Analysis Time

An ether or methanol-BC1 solution of methyl esters is injected at B with C at
room temperature and D v;nted to the atmosphere. After flushing out the solvent
through D, D is closed directing the gas flow through E and F. C is then heated
rapidly to about 3000C resulting in transfer of the esters to E. The esters are
eluted from E and sensed with detector F.
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Figure 26. Methyl Ester Chromatogram With and Without Solvent Venting

Conditions: Column 1/8" x 1.5 meter, 5% SR on 160/170 Anakrom ABS,
isothermal at 700C. Sample size 30ý4 containing 2.5 x 10-7 g//1. of C5 methyl
ester. Hydrogen flame detector, electrometer 1/5000 maximum sensitivity.
Precolunin filled with silicon carbide 100/120 mesh.
A. with venting
B. without venting

62



R4305

A

VENT VENT

02 3 4 5 6 7 9 0 I 2 3 4 5 6 7 8 9 10 II 12

TIME IN MINUTES

Figure 27. Effect of Alumina in Precolumn

Conditions: Same as figure 25 except precolumn was filled with 100/120 mesh
alumina.
A. 30j-1 ether with venting
B. 30ý4 of other solution of C 5 methyl ester with venting
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I4i Figure 28 shows the behavior of a mixture of methyl esters using the

sampling technique above.

An experimental gas chromatograph was designed and constructed to
provide for easy adaptation to a variety of experimental injection systems,
columns, and detectors. Photographs of this design are shown in figure .29,
along with the schematic electrical diagram. A precolumn consisting of 4
feet of 1/16-inch OD by 0.020-inch ID capillary tubing was used for this
application. It was electrically insulated at one end and connected to
a 6-volt AC source. Under these conditions, the column itself became a
resistive hoating element. In this way, extremely rapid heating of the
precolumn was achieved. Because of the detector and, to some extent,
electrometer troubles, it was impossible to check this instrument at

I this time for sensitivity and speed.

I 3.6.5 Aon Ionivation Detector

SI According to Lovelock,34 the argon ionization detector should be
I 'approximately 103 times as sensitive as the hydrogen-flame detector. Its

performance is seriously impaired by the presence of air or water vapor
in the carrier gas snd, as a consequence, this higher sensitivity is seldom
realized. It also has a smaller range over which its response is linear
with sample concentration. The design and construction of the detector
Salso affect iLb swnsitivit.Y°

Tritium embedded in a strip of metal is generally used as the beta
emitter for the argon ionization detector, The detector temperature,
however, must be maintained above 2000 for the methyl ester analysis to
avoid condensation within the detector.. At these temperatures, tritium
is rapidly removed from the metal strip. Accordingly, a different emitter
must be uned. Sources that can be used at this source at 200°C and
higher include S90, Pm147, Ra22 6 , and Ra-D.

For a preliminary feasibility determination, a Barber-Coleman argon
ionIzation detector, utilizing Ra22 6 as the ionizing source, was used.
This detector was found to be unsuitable. At an electrometer sensitivity
which provided a noise level of 5 percent on a 1 my recorder, the maximum
detection sensitivity was only 10-0 grams for a CG methyl ester. This
would correspond to only about 10-6 gram of bactera. In addition,
increasing the sample concentration by only a factor of 10 to 100 times
the maximum detection sensitivity pt this moise level resulted in anomolous
behavior as shown in figure 30. In the chromatograms of this figure, peak
reversal is seen, This reversal has be~n accounted for by assuming that,
up to a certain concentrption, the molecules begin to absorb or capture
the electrons and a reverse peak occurs, Accordingly, these should be a
region at which the compound ionization end electron capturc a.spects are
equal and no response will occur. An approach to this situation can be
seen in figure 30.
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Figure 28. Chromatogram of Methyl Ester Mixture

Same conditions as figure 25 except column temperature 180°C.
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Figure~ 29. Experimental Gas Chromatograph

A. Hydrogen Flame detector, exploded view.
B. Atssembled Gas Chromatograph
C. Column Oven Chamber
D. Schematic Wiring diagram of Column Oven
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Figure 30. Effect of Argon Ionization Detector Overloading

Column in SE-30 polyester. Isothermal at 225*C.
A. 1 x 10- 5 g. of C 14 in 0.41 ether, 1/1600 maximum electrometer sensitivity.
B. 2 x 10- 5 g. of C14 in 0.8t,1 ether, 1/800 maximum electrometer sensitivity.
C. 4 x 10 5-g. of C 14 in 1/611 ether, 1/400 maximum electrometer sensitivity.
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IIt is possible that the high noise levelis associated with the
emission of alpha and gamma rays from the radium.' The etector design

may also be involved. No attempt has been"made to modt' the detector.

p.In 3.6.6 H2- Flame Detector Sensitivity

A preliminary study was made of the practical sensitifity of the
Beckman hydrogen-flame detector aid electrometer. For this, a typical
C14 methyl ester was used with the electrometer attentuated to 1/5000
the maximum sensitivity. By extrapolating the results to maximum sensi-
tivity9 a value of 3.6 x 10-11 gram of Ci fatty acid should be realized
assuming a signal-to-noise ratio of 10 to I for detoCtion. Thle would
correspond to approximately 5 x 10-9 grams of Serratia marcescens which
could be detected. Unfortunately, the noise level of the Beckman unit
is very high at maximum sensitivities, as noted in figure 31. In this
figure, it can be seen that, for a noise Invel of 2.5 percent of full-
scale response on a I my recorder, an attenuation of 1/50 maximum sensitivity
is required. Accordingly, the practical maximum sensitivity of this
unit for recording concentration proiiles lies between 10-8 and 10-9
grams of a pure culture of bacteria. Better electronic components and
shielding might increase this sensitivity by one or two orders of
magnitude.
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Figure 31. Noise Level for Beckman Hydrogen Flame Detector and Electrometer

1.0 my full scale response. Column is SE-30 silicone rubber on Anakrom ABS
operating at 180°C.
A. 1/50 maximum sensitivity
B. 1/20 maximum sensitivity
C. 1/10 maximum sensitivity
D. 1/5 maximum sensitivity
E. 1/2 maximum sensitivity
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Li ~4. CONCLUSIONS
Approximately 80 percent of the effort in this feasibility study

was directed toward the use of bacterial lipid methyl esters in estab-
lishing the concept of the Concentration Profile for the detection and
identification of microorganisms. The remainder of the effort was
directed toward a brief study of the biological background normally
present in the atmosphere and other gas chromatographic, spectrophoto-
metric, pyrolytic, and mass spectrometric techniques as possible
methods for use in the Concentration Profile concept.

It ha,- become apparent that the gas chromatographic approach
developed during this study has potential in both detection and
identification. It has been shown that bacterial families have
distinctly similar profiles and that large differences exist among
different families. The method shows promise of being very sensitive
to pure cultures of bacteria or to cultures which have other bacterial
or biological contaminants present in very low concentrations,

The feasibility of the Concentration Profile concept has been
demonstrated. The Lipid metliyL ester Concentration Profile method
appears LW be puoLutially capable of use for rapid detection of
bacteria. At present, however, it would seem to be more applicable
to the ident.ifi,:at.on of bacteria if some additional method of sep-
arating mixtur-.3 o01 bacteria into pure cultures were used.

A high background level was noted during the final months of
this study. The total particulate concentration in the atmospheric
background varied from 2 x 10-8 g/l to 5_3 x 10-8 g/i, while the
percentage of particulate material estimated to be bacterial in nature
varied from 4 to 25 percent. On this basis, the normal bacterial level
could be expH,- bed t-o vary from 8 x 10-10 g/liter (about 1000 organisms)
to about 1.3 x 10-8 g/liter (about 10.000 organisms). Because the
method appears to have a potential sensitivity of iO1'9 g bacteria, and
because biological aerosols produced for military purposes would result
in concentrations of 10'9 to iO'l-l grams of organisms per liter it
bocomn.! -?,part+nt- that backgrond presonrts a soriouc problem in the
apJ.'icaLiotu of this meLhod directly to atmospheric collection without
prior separation, Viable organisms are normally present in the atmos-
phere at concentrations of less than i organism/liter. Accordingly,
a method which could rapidly and continuously separate atmospheric
organisms into viable and nonviable portions would do much to make
this or a similar method feasible. The only methods now available for
this are those which involve culturing the collected parLiclos for more
than 12 hours, Logically, a detection method based on viable organisms
would be perforredo

Unlike conventional biological techniques, chemical methods will

analyze both viable and nonviable organisms indiscriminately, This is
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both an advantage and a disadvantage. For zero atmospheric backgrowd,

II it would be an advantage because aerosol production and dissemination
results in a relatively high death rate for the organisms, particularly
for nonspore forer 3 5 On the other hand, as noted above, the normal

I presence of nonviable bacteria in the atmosphere complicates the analysis.

It is to be concluded that before any Concentration Profile technique
making use of variations in chemicals common to all bacteria can be used
successfully, a significant amount of effort and research must be directed
toward the development of effective, rapid methods of separating
bacteria according to species.

Two types of detection methods were investigated during this
study: (a) optical property sensors and (b) ionization sensing
devices. In the first category can be placed the spectrophotometric
methods, while in the second can be placed gas chromatography and mass
spectrometry which utilize the formation and collection of ions. Of
these two types of detection, the ionization type appears to offer the
greatest sensitivity using present state-of-the-art components and
techniques.

71



rF

5. RECOMMNDATIONS FOR FURTHER RESEARCH

5.1 Gas ChromatogEaphic StudiesF Ii It is apparent that only "the surface has been scratched" by
this feasibility study into the use of the concept of the concentrationF profile. Indeed, the use of lipid methyl esters and gas chromatography
in determining such profiles for the identification of bacteria has,F: for all practical purposes, only begun. This method, which makes use
of a class of compounds present in all microorganisms, is only one of
a number which could be practical. For example: The analysis of
amino acids through their conversion to aldehydes with subsequent
analysis by gas chromatography is feasible.3 6 , 37 Operating a
precolumn of diatomaceous earth impregnated with Ninhydrin at 130%,
the amino acids can be transformed instantaneously to the corresponding
aldehydes, separated by gas chromatography and detected by hydrogen
flame ionization. Similar systems can be envisioned for the carbohydrate
portions of microorganisms.

The success of any such method as noted above for microorganism
detection would be dependent upon the development of rapid methods of
hydrolysis, because present methods require several houi's to days
for completion.

In this regard, however, it should be recalled that the previous
methods of analyzing lipids by gas chromatography also required many
hours to days to accomplish. A significant increase in speed has been
achieved in this area, and related areas Should be Just as available
to improvement.

Another area similar in nature is the agalysis of the products
of controlled pyrolysis of bacteria, Janak3-o has pointed out thati
whei a substance is pyrolyzed in the carrier gas of a gas chromatograph,
lAw products are immediately diluted a nd, under these conditions,
pyrolysis does 1iot follow the normal process that occurs on a larger
scale. The method appears to be reproducible and, like other gas
chromatographic methods, would not be influenced by the presence of
inorganic contaminate.

Total pyrolysis maey also offer a method for obtaining distinctive
concentration profiles. The total pyrolysis products are, however,
fewer in number and would, accordingly, not offer as many variables
for monitoring purposes as in the extraction methods discussed.

5.2 Ionization Methods

The most sensitive detection of gas chromatographic components
is afforded by ionization methods. In addition, the simple combustion
of entire microorganisms in a hydrogen flame and detection of the
resulting ions might offer a nondiscriminatory background detecting
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[ device which might find some application in these studiesa For ex-
ample: Variations in the background level of atmospheric contaminants
resulting from the presence of spores and bacteria would occur from
day to day and hour to hour depending upon the climatic conditions as
well as the sporolation of plants or fungi. These natural variations
would be somewhat gradual, whereas an artificially produced aerosol
would be expected to pass a sampling station in less than one minute.
The response caused by natural variations, would, accordingly, be a
gradual change in readout response, while the response caused by
artificially produced aerosol might appeas as a superimposed spike.

The combiiation of controlled or total pyrolysis combined with
simplified mass spectrometric methods could bo a powerful approach
because a concentration profile of predetermined constituents could be
made on a continuous and simultaneous basis. As indicated earlier,
the proper choice of operating parameters simplifies the interpretation
of mass spectrometric resultsi as a result mass spectrometry, is more
feasible for this application.

5.3 2pectrophotomeric Methods

Fluorescence met0hods and inicrospectrophotometric methods are some
of the most sensitive methods of analysis. Many common organic
materials, however, will interfere with the measurements carried out
by this means. As with all methods, collecting, handling, and chemically
treating the organ. sms on such an extreme micro scale would present the
most obvious obstacles to use of these methods, On the other hand, it
is known that certain chemicals are unique to microorganisms,l and it
appears highly probable that certain chemicals are unique to pathogenic
organisms. Studies into this very fundamental area of research could
be facilitated 1-,ratly by spectrophotomertic techniques. If such
compounds are fo,'rid, the development of sensitive methods of analysis
could also be feasible, particularly if the background material presents
a major spectral interferenc•.,

5oJ Collection and Separation

5o.°il ,ollection

Large capacity collection devices are now available and improved
versions are under devvlopment, Such devices or methods as electro-
static precipitation and impingement techniques are quite practical.
These approaches, however, should have incorporated in them a means
for delivering sampleh to the chemical detection instruments on a
continuous basis,

5.4. 2 SepýýU Ra

The high biological background present in the atmosphere indicates

73



I that the success of any method based upon the concentration profile
of chemicals common to all microorganisms will be largely dependent
upon the development of complimentary separatory methods and
facilities. Separatory methods might include one or more of the

I following- (a) separation based on particulate size and/or density

to eliminate pollen and inorganic materiall (b) separation based upon
viability, (because the normal background contains less than one
viable microorganism per liter, such a process would simplify detection

considerably); (c) separation based upon electrcphysical properties, r
such as migration in an electric field because of surface charge
differences.

Impingment techniques are fairly well established as methods
for separating airborne particles on the basis of size. Separations
based upon viability are established in conventional bioclinical
analysis and involve the culturing of collected samples. Unfortunately,
this requires many hours to several days. Electrophoretic methods of
separating bacteria have been applied with ;ome success, Further work
in all of these areas is r'equired.
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